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Long noncoding RNAs (lncRNAs) have been implicated in
cancer biogenesis and prognosis. However, we still lack
knowledge on their function during glioma progression. In
this study, we analyzed the lncRNA expression profile across
907 glioma patients in grades II, III, and IV. Widespread
dynamic expression of lncRNAs during glioma progression
was revealed, and we identified 33 onco-lncRNAs and 61
tumor suppressor lncRNAs. We found that the expression
of these oncogenic lncRNAs is regulated by grade-specific
expressed transcription factors. Based on the “guilt by associ-
ation” rule, we predicted the potential functions of oncogenic
lncRNAs, and the majority of these lncRNAs are involved in
cancer hallmarks. Especially we found that CARD8-AS1 reg-
ulates the metastatic potential of glioma cell lines in vitro.
Integrating clinical information, we identified the 12 protec-
tive and 8 risk lncRNAs (such as PWAR6 and CARD8-AS1)
in glioma. Finally, an lncRNA-gene functional module was
identified to be associated with the survival of patients. The
predictive ability of this module signature was further
validated in an independent dataset. Our results revealed
the dynamic transcriptome transition during glioma pro-
gression, indicating that the lncRNA signature could be
a useful biomarker that may improve upon our under-
standing of the molecular mechanisms underlying glioma
progression.
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INTRODUCTION
Glioma is one of the most common brain tumors, accounting for
approximately 50%–60% of all primary brain tumors.1 Glioma is his-
tologically classified as a malignant brain tumor and classified into
grades I–IV by the World Health Organization (WHO).2 In brief,
grade I and II astrocytoma and oligodendroglioma are low-grade gli-
omas, whereas grade III and IV astrocytoma and oligodendroglioma
are high-grade gliomas. Despite advances in treatment modalities, it is
still an urgent challenge to identify sensitive early biomarkers for the
diagnosis and prognosis of glioma.
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With the development of molecular profiles during glioma progres-
sion, increasing numbers of molecular biomarkers have been iden-
tified for the diagnosis and prognosis of gliomas.3,4 For example,
ARK5 has been shown to be unregulated in glioma, and the upre-
gulation was correlated with the grade of glioma.5 In addition,
patients with a high expression of ARK5 exhibit shorter survival
time. The most famous gene IDH1 is well studied in glioma, and
the prognostic impact of the IDH1 mutation has been reported
by several studies. Tumor patients harboring a mutation of the
IDH1 gene have a better outcome than nonmutated tumors regard-
less of the grade considered.6,7 In particular, transcription factors
(TFs) play important roles in the transcriptional networks that
regulate gene expression and modify and control cancer pheno-
types.8,9 Differentially expressed TFs in glioma and their down-
stream gene targets may be potential therapeutic biomarkers of
glioma. Several TFs have also been identified as important regula-
tors of glioma progression, including TP53, SP1, JUN, and
STAT3.10,11 These candidate genes provide novel insights into the
progression of glioma.

In addition to the protein-coding genes, increasing numbers of non-
coding RNAs have been identified to play critical roles during
glioma progression.12 Specifically, microRNAs are small noncoding
RNAs that regulate gene expression posttranscriptionally and
play important roles in regulating diverse biological processes.13
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During the initiation and progression of human gliomas, micro-
RNAs (miRNAs) have been shown to modulate cell proliferation,
survival, tumor angiogenesis, invasion, and metastasis.14,15 In addi-
tion, we also revealed the miRNA regulatory network that is associ-
ated with glioma progression and identified the progression-related
miRNAs.4 These studies demonstrated that noncoding RNAs are
important molecular regulators during glioma progression.

In addition to miRNAs, another type of noncoding RNA has recently
emerged. Long noncoding RNAs (lncRNAs) have been shown to
be associated with cancer development and progression, demon-
strating potential applications as novel diagnostic or prognostic
molecular markers.16,17 Tumor-suppressive lncRNA MALAT1
was shown to play critical roles in glioma by downregulating
matrix metallopeptidase 2 (MMP2) and inactivating extracellular
signal-regulated kinase (ERK)/mitogen-activated protein kinase
(MAPK) signaling.18 High expression of lncRNA CASC2c was
positively correlated with astrocytoma progression, which is an
unfavorable prognosis factor for patients.19 lncRNA NEAT1 was
shown to be regulated by the epidermal growth factor receptor
(EGFR) pathway, which contributes to glioma progression through
the Wnt/beta-catenin pathway by scaffolding EZH2.20 However,
the majority of these studies have focused on the specific grades of
glioma or the most malignant type (glioblastoma multiforme
[GBM]). The functional significance of lncRNAs in the malignant
progression of gliomas is still unclear and needs to be further
explored.

To address these questions, in this study we investigated the dynamic
transcriptome transition of lncRNAs during glioma progression.
Glioma progression-related lncRNAs were first identified, including
oncogenic and tumor suppressor lncRNAs. The expression of these
candidate lncRNAs was strictly regulated by TFs that showed
grade-specific expression. Functional analysis revealed that these
lncRNAs were involved in cancer hallmarks, such as cell death. Inte-
grating the clinical information, we also revealed a candidate survival-
related lncRNA functional module, which provided deep insights into
the molecular mechanisms of glioma progression.

RESULTS
Overview of Identifying Glioma Progression-Related lncRNAs

We systematically analyzed the lncRNA and protein-coding gene
transcriptome transition during glioma progression by analyzing
the expression profiles of two cohorts (Figure 1A). Both sets of expres-
sion profiles of lncRNAs and coding genes were obtained from brain
tumors of grades II, III, and IV. We first identified the lncRNAs and
coding genes that showed dynamic expression during glioma progres-
sion. These lncRNAs and coding genes were further classified into
nine groups. By further integration of transcription regulation data,
we revealed that the expression of lncRNAs and coding genes was
regulated by grade-specific TFs. Moreover, we predicted the potential
function of lncRNAs, and a network module comprising lncRNA and
coding genes was found to be associated with the survival of glioma
patients.
Dynamic Transcriptome Transition during Glioma Progression

To investigate the dynamic expression transcriptome profiles during
glioma progression, we collected RNA-sequencing (RNA-seq)-based
datasets at three grades of glioma patients from The Cancer
Genome Atlas (TCGA) and Chinese Glioma Genome Atlas
(CGGA) projects (Table 1). After reads mapping and transcriptome
assembly, we obtained the expression of 5,376 lncRNAs and 15,934
protein-coding genes in TCGA data and 6,710 lncRNAs and 1,8976
genes in CGGA data. Evidence has indicated that the expression of
lncRNAs is lower than protein-coding genes in various types of tis-
sues.21 Thus, we analyzed the global average expression of lncRNAs
and coding genes in glioma patients. The average expression of
lncRNAs was significantly lower than that of coding genes in both
TCGA and CGGA datasets (Figure 1B; p < 2.2e�16, Kolmo-
gorov-Smirnov test).

Next, we performed a t test to identify the lncRNAs and coding genes
that were differentially expressed during glioma progression (see
details in Materials and Methods). We found that the expression of
lncRNAs showed a greater difference in the TCGA data, and approx-
imately 78% of the lncRNAs showed a dynamic expression transition
during glioma progression (Figure 1C; Table S1). In addition, we
identified that approximately 27% of the lncRNAs showed variable
expression in the CGGA data (Figure 1D; Table S2). We found that
the expression of lncRNAs showed greater changes during the transi-
tion from grade III to IV. Specifically, we focused on the lncRNAs that
showed a consistent dynamic expression during glioma progression.
Hundreds of lncRNAs exhibited consistent upexpression or downex-
pression during glioma progression (Figures 1C and 1D). Among
these lncRNAs, several have been demonstrated to be associated
with glioma, including CRNDE,22 CARD8-AS1, and PWAR6. In
addition to lncRNAs, we also identified the protein-coding genes
that showed variable expression during glioma progression (Figure S1;
Tables S3 and S4). These dynamically expressed lncRNAs and coding
genes provided a valuable resource for investigating the transcrip-
tome changes and identifying the key gene regulators during glioma
progression.

Glioma Progression-Related lncRNAsAre Regulated by Specific

TFs

The analysis above indicated that lncRNAs and coding genes are
dynamically expressed during glioma progression. Next, we com-
bined the results from two independent datasets and identified
the consistent glioma progression-related lncRNAs (Figure 2A).
Specifically, we identified 93 and 142 lncRNAs showing consistent
upregulation and downregulation during glioma progression,
respectively. These lncRNAs account for approximately 57% of all
consistently expressed lncRNAs (Figure 2B), suggesting their crit-
ical role in glioma progression. Moreover, we found that the major-
ity of lncRNAs were intergenic lncRNAs (Figure 2C). Although
previous studies have identified several lncRNAs associated with
glioma based on exon array,23 this observation suggests that
RNA-seq data can provide more candidates for further functional
investigations.
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Figure 1. Dynamic Transcriptome Landscape of lncRNAs during Glioma Progression

(A) A flowchart shows the dynamic transcriptome analysis during glioma progression. Approximately thousands of glioma patients were integrated for identification of

oncogenic lncRNAs. The transcription regulation, functions, and clinical features of these lncRNAs were analyzed in this study. (B) The cumulative distribution of lncRNA and

coding gene expression of glioma patients in the TCGA and CGGA datasets. (C and D) The expression of lncRNAs during glioma progression for (C) TCGA and (D) CGGA

project data. The heatmaps show the normalized expression of lncRNAs in grade II, III, and IV patients. The color bars in the left represent different classes of lncRNAs. The

right boxplots show the normalized expression of different classes of lncRNAs.
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Next, we investigated the upstream regulators of lncRNAs. Given that
TFs act as master regulators of gene expression, we next integrated
gene or lncRNA expression and sequencing binding to identify
TF-lncRNA regulation in glioma. We first screened the lncRNA pro-
moters to find the TF binding sites by match in TRANSFAC. Next,
the correlation coefficient in the expression between TF and lncRNAs
was calculated. TF-lncRNA pairs with a correlation coefficient greater
than 0.4 were used for further analysis. We found that lncRNAs are
regulated by different TFs (Figure 2D), whereas downregulated
lncRNAs are regulated by several TFs that are involved in glioma.
Specifically, we also identified additional TFs that show grade-specific
expression (Figure 2E). SATB1 has been reported to be expressed in
several human cancers, and it plays an important role in glioma
development and progression. Consistent with a previous study,24

we identified that SATB1 was low expressed in high-grade glioma
622 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
compared with low-grade glioma. Moreover, we also identified that
the downregulated lncRNAs were strictly regulated by TEF, which
shows decreased expression during glioma progression (Figure S2A).
For the lncRNAs with increased expression, we identified several TF
regulators, including SPI1 and PLAU (Figure 2E; Figure S2B). SPI1
was demonstrated to play critical roles in glioma,10 and PLAU was
associated with tissue remodeling and wound repair.25 Taken
together, all of these results indicate that these TFs play important
roles during glioma progression by regulating the dynamically ex-
pressed lncRNAs.

Oncogenic lncRNAs Are Involved in Cancer Hallmarks

Next, we integrated the expression of lncRNAs in normal samples and
identified the differentially expressed lncRNAs between cancer and
normal samples. In addition, we overlapped these differentially



Table 1. Clinical Characteristics of the Glioma Patients of Different Grades

TCGA CGGA

II III IV II III IV

n 238 238 159 100 72 100

Age (years) 15–75 23–76 22–90 21–65 18–75 18–81

Sex

Male 124 132 151 59 45 64

Female 114 106 58 41 27 36

IDH1

Mutant 52 60 7 78 35 26

Wild-type 143 128 151 18 33 70

Survival

Death 33 65 127 29 43 81

Survival 162 123 31 68 26 13

Time (days) 1–5,546 0–6,423 0–2,681 21–3,361 29–3,063 34–2,961
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expressed lncRNAs with those showing dynamic expression during
glioma progression. In total, 33 upregulated lncRNAs also showed
dynamic upregulation and 61 downregulated lncRNAs showed dy-
namic downregulation during glioma progression (Figure 3A; Table
S5). We defined these upregulated lncRNAs as onco-lncRNAs and
downregulated lncRNAs as tumor suppressor lncRNAs. Moreover,
we found that these lncRNAs showed greater expression changes dur-
ing the transition from grade III to IV, suggesting that they play crit-
ical roles during the progression of low-grade glioma to high-grade
glioma. Evidence has shown that the expression of lncRNAs might
be affected by mutations or copy number variation (CNV).26,27 We
thus integrated the mutation and CNV data in glioma and found
that several lncRNAs were located within CNV alteration regions
or adjacent to genes with mutations in cancer (Figure 3B). For
example, we found that STXBP5-AS1 is a tumor-suppressing
lncRNA. We found that the genomic region of this lncRNA had a
loss in CNV, which may be the response for the decreasing expression
during glioma progression.

Our analysis above identified the oncogenic lncRNAs during glioma
progression; we next investigated the functions of these lncRNAs. We
employed “guilt by association” to identify the corresponding pro-
tein-coding genes that are coexpressed (false discovery rate [FDR] <
0.01 and R > 0.75) with each onco-lncRNA or tumor suppressor
lncRNA and performed functional enrichment analysis. Here, we
focused on differentially expressed genes in cancer hallmark-related
functions. This analysis revealed that one or more hallmarks were en-
riched by coexpressed genes of these oncogenic lncRNAs (Figure 3B;
Figure S3). Interestingly, the majority of these genes were enriched in
insensitivity to antigrowth signals (Figure S3). Cancer cells with de-
fects in the antigrowth signaling pathway are missing a critical gate-
keeper of the cell-cycle progression; thus, cancer cells keep growing
and dividing.28 In addition, these genes are significantly enriched in
tissue invasion and metastasis, further suggesting the important roles
of these oncogenic lncRNAs during glioma progression.
Specifically, we found that several lncRNAs coexpress with more
genes (hubs) in the coexpression network (Figure S3A). For instance,
the onco-lncRNA CARD8-AS1 coexpresses with several genes
involved in insensitivity to antigrowth signals and tissue invasion
and metastasis. CD164, a sialomucin, has been demonstrated to be
involved in the regulation of proliferation, apoptosis, adhesion, and
differentiation in multiple cancers.29 In addition, RAC2 is important
for glioblastoma tumorigenesis and can serve as the potential thera-
peutic target against glioblastoma and its stem-like cells.30 This
lncRNA also shows dynamic upregulation during glioma progression
(Figure 3C). In addition, we performed a gene set enrichment analysis
(GSEA) based on the coexpression of each lncRNA.31,32 We found
that this lncRNA was involved in the regulation of immune response
(Figure 3E; FDR < 0.001) and epithelial mesenchymal transition (Fig-
ures S3B and S3D; FDR = 0.021). Moreover, another hub tumor sup-
pressor lncRNA PWAR6 coexpresses with the genes involved in
insensitivity to antigrowth signals (such as BTRC and PRKCE) and
evading apoptosis (such as FAIM2). PWAR6 shows dynamic down-
regulation during glioma progression (Figure 3D). The GSEA analysis
indicated that this lncRNA was involved with the regulation of im-
mune response and DNA repair (Figure 3F; Figure S3). Together,
these results indicate that lncRNAs exhibit grade-specific dynamic
expression and regulated hallmark-related genes, which could serve
as important regulators during glioma progression.

Validation of the Functions of Glioma-Related lncRNAs

Next, we sought to study the functional roles of top candidate glioma-
associated lncRNAs. We focused our analysis on CARD8-AS1. To
explore the role of CARD8-AS1 in proliferation, we used a loss-of-
function antisense approach. A CARD8-AS1 short hairpin RNA
(shRNA) lentivirus was used to knock down CARD8-AS1 expression
in U251 and A172 cells. Transfection of the CARD8-AS1 shRNA
lentivirus led to downregulation of CARD8-AS1 as determined by
qRT-PCR (Figure 4A) Lower CARD8-AS1 expression led to marked
morphological changes in both cell lines. Specifically, there was a pro-
nounced decrease in the fraction of elongated, spindle-shaped cells
that was paralleled by an increase in rounded, apoptotic cells. A sig-
nificant decrease in the cell viability was observed over time in glioma
cells that had low CARD8-AS1 expression compared to control group
cells as observed by light microscope (Figure 4B). In addition, An-
nexin V assay revealed that knockdown of CARD8-AS1 for 48 hr
increased rates of cell apoptosis both in U251 and A172 cells,
compared with control groups (Figure 4C). Furthermore, in vitro
cell scratch tests revealed that lower CARD8-AS1 treatment reduced
the number of migrations in U251 and A172 cells, compared with
controls (Figure 4D). Overall, these data suggest that CARD8-AS1
regulates the metastatic potential of glioma cell lines in vitro.

Survival-Related lncRNA Network Module in Glioma

Recent studies have demonstrated the utility and superiority of
lncRNAs as novel biomarkers for cancer diagnosis, prognosis, and
therapy.33 We next analyzed the associations between the expression
of oncogenic lncRNAs and the clinical outcome of glioma patients.
Using survival analysis and a Cox regression model, we identified a
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 623
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Figure 2. Dynamic Regulation of Oncogenic lncRNAs during Glioma Progression

(A) The overlap of different classes of lncRNAs between TCGA and CGGA data. The heatmap shows the number of overlapping lncRNAs, and the bar plots show the number

of lncRNAs in each class. (B) The pie chart shows the proportion of lncRNAs in each class. lncRNAs in the UU class are defined as onco-lncRNAs, and lncRNAs in the DD

class are defined as tumor suppressor lncRNAs. (C) The enrichment of different types of lncRNAs in each group. The grids colored with black lines are significantly enriched or

depleted. (D) The TF motif enrichment for different classes of lncRNAs. The color indicates the �log10 (p value). (E) The normalized expression distribution of two repre-

sentative TFs.
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set of lncRNAs (including 12 protective and 8 risk lncRNAs) demon-
strating an ability to stratify patients into high- and low-risk groups
with significantly different survival in glioma (Figure S4A; Table
S6). These lncRNAs show consistent power in the TCGA and
CGGA datasets. The multivariate Cox and stratification analysis
indicated that these oncogenic lncRNA signatures were independent
prognostic factors after adjusting for other clinical covariates, such as
age and sex. Specifically, we found that the high expression of PWAR6
is associated with better survival of glioma patients in the TCGA (Fig-
ure S4B; hazard ratio [HR] = 0.77, log rank p < 2.2e�16) and CGGA
624 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
datasets (HR = 0.76, log rank p = 1.35e�10). In addition, we also iden-
tified a risk lncRNA CARD8-AS1 in the TCGA (HR = 1.18, log rank
p < 2.2e�16) and CGGA (HR = 1.65, log rank p = 8.11e�8) data dur-
ing glioma progression (Figure S4C).

To further investigate the functions of these survival-related
lncRNAs, we next identified the survival-related protein-coding genes
based on the same procedure. In total, we identified 598 risk genes
and 141 protective genes. Evidence has demonstrated that the
lncRNA and genes synergistically regulate the important biological



Figure 3. The Potential Functions of Oncogenic lncRNAs

(A) The heatmap shows the dynamic expression of onco-lncRNAs and tumor suppressor lncRNAs. (B) The Circos plot shows the genomic and transcriptional alterations of

the glioma progression-related lncRNA and genes. The inner network shows the lncRNA-gene-hallmark links. (C) The normalized expression distribution of CARD8-AS1.

Dark boxes are for TCGA data, and light boxes are for CGGA data. (D) The normalized expression distribution of PWAR6. (E) The enrichment plot shows the distribution of

genes in the regulation of immune response process that are correlated with the expression of CARD8-AS1. (F) The enrichment plot shows the distribution of the genes in the

regulation of the DNA repair process that are correlated with the expression of PWAR6.
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Figure 4. CARD8-AS1 shRNA Lentivirus Suppresses Glioma Cell Proliferation and Migration and Induces Apoptosis In Vitro

(A) CARD8-AS1 expression was quantified by qRT-PCR analysis. CARD8-AS1 shRNA lentivirus significantly reduced CARD8-AS1 expression, compared with the control

groups. (B) Morphological alterations and accounted assay in the U251 and A172 cells uponCARD8-AS1 suppression, as assessed by phase contrast microscopy. (C and D)

Representative images of in vitro Annexin V (C) and cell scratch assays (D) of U251 and A172 after transfection with CARD8-AS1 shRNA lentivirus or control lentivirus.
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processes in cancer. We next identified the coexpression lncRNA-
gene pairs with a correlation coefficient greater than 0.75 and defined
these pairs as a survival-related module. Here, we identified a module
formed by 22 lncRNA-gene pairs (Figures 5A and 5B). Based on the
expression of these lncRNAs and genes, we trained a model in the
TCGA dataset and found that the expression of this module can
distinguish the patients with different survival times (Figure 5C; log
rank p < 2.2e�16). In addition, this model was validated in the
CGGA dataset (Figure 5D; log rank p < 2.2e�16). Our analysis above
indicated that the expression of lncRNAs is strictly regulated by
grade-specific TFs; we next identified the TFs that regulate the com-
ponents of the module. As a result, we identified several TFs that are
associated with cancer development and progression, such as SATB1,
SPI1, HOXA3,34 HOXD11,35 ELF4,36 and SP100.37

Next, we further explored whether the lncRNA module can be effec-
tively used as a prognosis signature for high-grade gliomas (III and
IV). Likewise, we trained the Cox regression coefficient for each
lncRNA or gene in the module based on the expression of high-grade
glioma patients in the TCGA dataset and then calculated the risk
score for each patient in the TCGA and CGGA datasets. The patients
were divided into four groups based on the risk score and grade
information; we found that these patients had a distinct survival
time in both the TCGA and CGGA datasets (Figure S5). These results
suggest that the lncRNA module signature integrated with the grade
626 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
information can be a good candidate prognosis biomarker for glioma
progression.

Prognostic Effect of lncRNA Network Module Is Independent

from IDH1 Mutation

Mutation of the IDH1 gene has been demonstrated to be a very strong
prognostic factor in gliomas regardless of the grade.38 Patients whose
tumor harbored an IDH1 mutation had a significantly longer survival
time than patients with a tumor of the same grade but a wild-type for
IDH1. Next, we investigated whether the lncRNA module identified
in our study is an independent prognosis biomarker. We divided
patients into three groups: IDH1-mutated patients, IDH1 wild-type
with a low risk score, and IDH1 wild-type patients with a high risk
score. We found that IDH1-mutated patients showed similar survival
rates as the wild-type but with a low risk score in the TCGA dataset
(Figure 6A). These two groups showed better survival than the
patients with a high risk score (p < 2.2e�16). In addition, we found
that the lncRNA module signature can also classify patients with
different survival rates in the CCGA data (Figure 6B; p < 2.2e�16).
Specifically, the patients in the IDH1 wild-type and low-risk group
showed better survival than those of the IDH1-mutated group with
high risk. Taken together, these results indicate that the identified
oncogenic lncRNA module signatures have important clinical impli-
cations for improving clinical outcome predictions and guiding the
therapy for glioma patients with further prospective validation.



Figure 5. Survival-Related Oncogenic lncRNA Module in Glioma

(A) The survival portrait of oncogenic lncRNAs and genes in patients of TCGA data. (B) lncRNA-gene coexpression module in glioma. Solid lines represent the coexpression

relationships, and dashed lines represent the transcription regulation between TFs and lncRNAs or genes. (C) The Kaplan-Meier analysis of glioma patients using the

expression of lncRNA module in the TCGA dataset. (D) The Kaplan-Meier analysis of glioma patients using expression of the lncRNA module in the CGGA dataset.
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Web-Based, User-Friendly Platform for Investigating lncRNA

Expression during Glioma Progression

An increasing number of studies have demonstrated that lncRNAs
play critical roles during glioma progression. Our current studies
have identified lncRNAs that are associated with glioma progression.
To facilitate the investigation of the functions of lncRNAs in glioma
by users, we constructed a web-based platform (http://bio-bigdata.
hrbmu.edu.cn/AGP-lnc/) for viewing the dynamic expression
changes of lncRNAs during glioma progression (Figure 7). On this
platform, the users can select the glioma datasets from TCGA or
CGGA. By inputting the name of the lncRNAs of interest, the users
can obtain the dynamic expression of lncRNAs during glioma pro-
gression, including grades II, III, and IV. From the resulting boxplots,
it is easy to obtain the expression pattern of the lncRNAs. If the
expression of lncRNAs increases with the grade of glioma, they
may test for oncogene functions. In contrast, they might be candidate
tumor suppressors if their expression decreases during glioma pro-
gression. In addition, all of the datasets can be downloaded for further
analyses. Taken together, this platform provides a better view of
lncRNA functions during glioma progression.
DISCUSSION
lncRNAs are involved in various biological processes in glioma cells,
including apoptosis, cell proliferation, and invasion.39,40 The dysregu-
lation of lncRNA expression has been observed in various types of
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 627
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Figure 6. Prognosis of the lncRNA Module Independent of IDH1 Mutation

(A) The Kaplan-Meier analysis of glioma patients based on the lncRNA module

signature and IDH1 mutation in the TCGA dataset. (B) The Kaplan-Meier analysis of

glioma patients based on the lncRNA module signature and IDH1 mutation in the

CGGA dataset.
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cancer, including glioma.41 However, we still lack knowledge on the
functions of lncRNAs during glioma progression. Here, we integrated
the genome-wide lncRNA expression profiles across thousands of
glioma patients of different grades, transcription regulation, and
functional genomics datasets. The integration analysis revealed crit-
ical lncRNAs that show dynamic expression and are regulated
by grade-specific TFs. Moreover, we identified several oncogenic
lncRNAs that are associated with the survival of patients, such as
PWAR6 and CARD8-AS1. All of these results provide a valuable
resource for further investigating the roles of lncRNAs during glioma
progression.

Although a number of lncRNAs were identified to be dysregulated in
cancer, we lack knowledge on the upstream regulators. In this study,
we identified not only the dynamically expressed lncRNAs but also
the candidate TF regulators based on a motif enrichment analysis.
We revealed that these grade-specific expressed lncRNAs are regu-
lated by grade-specific TFs. The promoters of lncRNAs are signifi-
cantly bound by these TFs. In addition, we found that these TFs
also show higher expression at corresponding grades. These results
indicate that these dynamically expressed lncRNAs are likely to be
regulated by these TFs, further playing a critical role in glioma pro-
628 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
gression. In addition, we also investigated the TF-lncRNA regulation
based on public chromatin immunoprecipitation sequencing (ChIP-
seq) data. We found that approximately 41% of the TF-lncRNA regu-
lation identified based on TF binding analysis was also supported by
the ChIP-seq data fromChIPBase v2.0.42With the increasing number
of high-throughput sequencing data, such as ChIP-seq,43 we can
obtain more details on the regulation of these oncogenic lncRNAs
in cancer. In addition, evidence has indicated that miRNA also plays
a critical role in regulating the expression of lncRNAs.44 We next pre-
dicted the miRNA regulators for two important lncRNAs identified
here, including PWAR6 and CARD8-AS1. We found that these two
lncRNAs were regulated by several miRNAs that have been demon-
strated to be involved in glioma, such as hsa-miR-184,45 hsa-miR-
21-3p,46 and hsa-miR-20a-5p.45

A large number of putative lncRNAs have been identified or predicted
in humans; however, the functions of the majority of lncRNAs remain
poorly characterized. To infer the possible functional roles of the
dynamically expressed lncRNAs during glioma progression, we
used a computational method integrating lncRNA and mRNA
expression profiles to infer the potential functions of lncRNAs. Based
on the coexpression network, we found that the majority of coding
genes are involved in cancer hallmark-related functions, such as
insensitivity to antigrowth signals, tissue invasion, and metastasis.
Specifically, the GSEA analyses indicated that CARD8-AS1 and
PWAR6 are involved in the regulation of immune response, epithe-
lial-mesenchymal transition (EMT), and DNA repair. Moreover, we
also revealed that several lncRNAs are associated with patient sur-
vival, while possibly serving as candidate prognostic biomarkers in
glioma. Although these results provided evidence for the functions
of these oncogenic lncRNAs, more experimental validation is needed
to illustrate their detailed functions in glioma.

The current study utilized comprehensive bioinformatics analyses to
determine the dynamic transcriptome landscapes of lncRNA during
glioma progression. Thus, it will be important to validate the expres-
sion dynamic of the key lncRNA regulators and their target genes by
low experimental methods in the future. Collectively, our study pro-
vides a foundation for understanding lncRNA expression and regula-
tion during glioma progression.

MATERIALS AND METHODS
Transcriptome during Glioma Progression

The genome-wide lncRNA and protein-coding gene expression of gli-
oma samples were downloaded from TCGA project, including 476
lower-grade glioma (LGG) and 159 GBM samples.47,48 In addition,
we also downloaded the clinical information, including age, sex,
grade, IDH1 mutation status, and survival time of these samples.
There were 238 grade II, 238 grade III, and 159 grade IV samples
for further analysis (Table 1). The expression of the lncRNAs and
genes were measured by fragments per kilobase of transcript per
million mapped reads (FPKM). To ensure detection reliability and
reduce noise, we applied two filters used in one previous study in
each cancer type to identify the expressed lncRNAs.49 First, the



Figure 7. Web-Based Platform for Glioma-Related lncRNAs/Genes

(A) The users can input the lncRNAs/genes of interest and select the data resource for viewing the dynamic expression changes during glioma progression. (B) The boxplots

show the expression distribution of the lncRNAs/genes of interest in grade II, III, and IV glioma patients. (C) The downloaded files in this platform. (D) The statistics of the

platform.
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lncRNAs for which the 50th-percentile FPKM value was equal to zero
were eliminated; second, we selected only the lncRNAs for which the
90th-percentile FPKM value was greater than 0.1 for further analysis.
The expression value of each lncRNA was log-transformed.

In addition, we also obtained another RNA-seq dataset during glioma
progression from the GEO (GEO: GSE48865).50 The raw fastq files
were downloaded and processed using Tophat51 for alignment and
Cufflinks52 for assembly. All default options for these tools were
used. The human reference genome GRCh37 and the corresponding
gtf annotation were downloaded from GENCODE. Then we har-
vested the lncRNA and gene expression profile for 272 glioma sam-
ples, including 100 grade II, 72 grade III, and 100 grade IV samples
(Table 1). The expression profiles were processed as the TCGA
data. In addition, we also downloaded the clinical information of
these samples from the CGGA project.

Identification of Glioma Progression-Associated lncRNAs and

Genes

To identify glioma progression-associated lncRNAs and genes, we
used a t test model with BH-corrected p < 0.1 to select RNAs
(including lncRNAs and coding genes) that were differentially ex-
pressed between adjacent grades. Specifically, for a specific gene or
lncRNA i, we first calculated the standard test statistic for comparing
two groups:

t=
xi;1 � xi;2

si
;

where x1;i is the mean expression value of gene or lncRNA i in group I,
x2;i is the mean in group II, and si is the within-groups SE for gene or
lncRNA i. The t statistic would follow the t distribution indexed by
n1+n2�2 degrees of freedom. n1 and n2 are the number of tumor
samples in different grade of glioma progression. In addition, p values
were obtained according to the t distribution.

Next, these lncRNAs or genes were filtered based on the fold change
(FC) between two adjacent grades. The previous grade was set as the
denominator (III versus II and IV versus III). The lncRNAs and genes
with FC > 1 were considered to be upregulated during progression
and grouped into the “Up” pattern. The lncRNAs and genes with
FC < 1 were grouped into the “Down” pattern, and the remaining
genes were considered nondifferentially expressed and grouped
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 629
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into “Maintain.” Thus, all lncRNAs and genes were grouped into one
of nine possible patterns.

Transcription Regulation Analysis of the lncRNAs and Genes

Promoter sequences (defined as the 2-kb regions around the tran-
scription start sites) of the lncRNAs or genes were first downloaded
from UCSC (University of California, Santa Cruz). The promoter
sequences of glioma progression-related lncRNAs with different
expression patterns were subjected to match in TRANSFAC to iden-
tify the TFs that specifically bind to the promoters of the lncRNAs and
genes. To identify the active TF-lncRNA or TF-gene regulation in gli-
oma, we also calculated the expression correlation between TFs and
lncRNAs or TFs and genes. The pairs with a correlation coefficient
greater than 0.4 and p values less than 0.01 were retained for further
analysis. For the lncRNAmodules, we used the correlation coefficient
0.75 as a cutoff.

In addition, we also downloaded the TF-lncRNA regulation from
ChIPBase v2.0.42 Next, we identified the TFs and lncRNAs that over-
lapped with the regulation predicted above. The common TF-lncRNA
regulation was identified.

Genomic Alterations of lncRNAs/Genes in Glioma

We also downloaded the genomic alterations data from the TCGA
project. The copy number alterations for glioma were obtained
from Broad GDAC Firehose (https://gdac.broadinstitute.org/). We
used the 95% confidence level datasets. If the lncRNAs overlapped
with the copy number alteration regions, we considered them as
CNV altered. In addition, we also obtained the somatic mutation
data from the MC3 file of the TCGA project.53 Genes with mutations
were identified. We next collected the cancer-related genes from the
Cancer Gene Census (CGC).54

Functional Analysis of Glioma Progression-Related lncRNAs

To identify the function of lncRNAs, guilt by association was used in
our analysis. We calculated the expression correlation coefficient
of lncRNAs and protein-coding genes, and genes with correlation
coefficients (R) greater than 0.75 and p values <0.01 for each lncRNA
were identified. In addition, we also identified the cancer hallmark
gene-related lncRNAs and constructed the lncRNA-hallmark genes
network.

Moreover, to predict the potential functions of glioma progression-
related lncRNAs, we performed GSEA.31,32 First, we calculated the
correlation between the expressions of coding genes with specific
lncRNAs. Next, the genes were ranked by the correlation coeffi-
cients and subjected to the GSEA analysis. Here, we focused on
cancer hallmark-related functions. The Gene Ontology (GO) terms
with FDR <0.05 were regarded as potential functions of the specific
lncRNAs.

Cell Lines and Transfection

U251 and A172 cells were passaged and maintained following stan-
dard techniques in 5% CO2% and 95% air cultured following manu-
630 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
facturer instructions (American Type Culture Collection [ATCC]).
U251 and A172 cells were transfected lentivirus vector of CARD8-
AS1 shRNA following manufacturer’s instructions (Genecard Tech-
nologies). Transfection was done using lentivirus vector following
manufacturer’s instructions (Genecard Technologies). Cell lines
were purchased and verified by ATCC, maintained at low passage.

RNA Extraction and qRT-PCR Analysis

Total RNA was isolated from cultured cell lines using the RNeasy
Mini Kit (Qiagen). RLT buffer was supplemented with 2-mercaptoe-
thanol (Sigma-Aldrich), and DNase treatment was performed for
20 min using the RNase-Free DNase set (Qiagen). About 1 mg of
total RNA was reverse transcribed into cDNA using random hex-
amers with SuperScript III First-Strand Synthesis kit (Life Technol-
ogies). About 20 ng of cDNA was used in the qRT-PCR reaction
with iQ SYBR Green supermix (Bio-Rad) and custom-designed
primers. All experiments were calculated as a function of gene
expression relative to either control TATA-box binding protein
(TBP) expression or GAPDH. qPCR data were expressed as mean
FC (2�DDCT).

Proliferation Assay and In Vitro Migration Assays

Following transfection, an accounted assay was used to quantitate the
cell viability of human glioma cells. Each experiment was performed
in triplicate. Cell scratch tests were used to quantify in vitro glioma
cell migration. Fold migration was calculated relative to the blank
control.

Apoptosis Assays

Apoptosis was quantified 48 hr after transfection, using Annexin V
labeling. For the Annexin V assay, an Annexin V-FITC-labeled
Apoptosis Detection Kit (Abcam) was used according to the manu-
facturer’s protocol.

Identification of Survival-Related lncRNAs and Genes

A Cox regression analysis was used for identifying the lncRNAs or
genes for which the expression is associated with patient survival. A
multivariate Cox regression model was used, in which the age, sex,
grade, and IDH1 mutation status were taken into account. The
lncRNAs or genes with a p value for expression less than 0.05 were
identified as glioma survival-related lncRNAs or genes. lncRNAs or
genes with an HR greater than 1 were identified as risk lncRNAs,
or genes and those with an HR less than 1 were identified as protective
lncRNAs or genes.

The survival-related lncRNAs and genes were subjected to a coexpres-
sion analysis. We identified the lncRNA-gene pairs with a correlation
coefficient greater than 0.75; then the survival-related lncRNA-gene
module was identified. Then, for each glioma patient, we calculated
a risk score based on the Cox regression coefficient and the expression
of the lncRNA or gene in the functional module.

Risk score ðiÞ=
Xn

k= 1

bk � eki;

https://gdac.broadinstitute.org/
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where b is the Cox regression coefficient, n is the number of lncRNAs
and genes in the module, and eki is the expression level of lncRNA or
gene k in patient i. The regression coefficient was trained in the TCGA
dataset; then we applied the same coefficient to the CGGA datasets.
Patients were divided into two groups based on the risk score, and
a log rank test was used to evaluate the survival difference between
two groups. In addition, we also considered the IDH1mutation status
and classified the patients into four groups.
Statistics and Visualization of Networks

All of the statistical analyses were performed using R Statistical Soft-
ware, and the biological networks were visualized by Cytoscape. The
genome-wide alteration plot for lncRNAs and genes was plotted by
the Circos tool.55

Implication of Web-Based Glioma-Related lncRNA Platform

This web site was developed in JSP using a Servlet framework, and it is
deployed on a Tomcat 6.0.33 web server, which runs under a CentOS
5.5 system. The data were stored and administered by MySQL 5.5.1.
CSS (Cascading Style Sheets) was used to control all of the layout and
appearance of the atlas of glioma progression-related lncRNAs. The
Echarts were used to show the result by creating a boxplot. The atlas
of the glioma progression-related lncRNAs platform was fully tested
in Google Chrome (version 17 and later).

SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and six tables and can
be found with this article online at https://doi.org/10.1016/j.omtn.
2018.10.009.

AUTHOR CONTRIBUTIONS
Y.L., L.W., and L.C. supervised the whole project; Y.L. and J.X.
conceived of and designed the study; X.L., T.J., J.B., J.L., J.X., Y.T.,
T.S., X.J., and J.X. contributed to the data analysis; and Y.L., L.W.,
and J.X. wrote the manuscript with input from the other authors.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

ACKNOWLEDGMENTS
This study was supported by the National Natural Science Founda-
tion of China (grants 61502126, 31571331, 31871338, 61873705,
91439117, 61473106, 81571166, 81771361, 31601065, 81402053,
and 81472347) and the Natural Science Foundation of Heilongjiang
Province (grant QC2015020). The funders played no roles in the
study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

REFERENCES
1. Zhang, R.R., Pointer, K.B., and Kuo, J.S. (2015). Newmolecular insights and potential

therapies for diffuse intrinsic pontine glioma. Neurosurgery 77, N13–N14.

2. Komori, T. (2017). The 2016 WHO classification of tumours of the central nervous
system: the major points of revision. Neurol. Med. Chir. (Tokyo) 57, 301–311.
3. Li, Y., Wang, Z., Wang, Y., Zhao, Z., Zhang, J., Lu, J., Xu, J., and Li, X. (2016).
Identification and characterization of lncRNA mediated transcriptional dysregula-
tion dictates lncRNA roles in glioblastoma. Oncotarget 7, 45027–45041.

4. Li, Y., Xu, J., Chen, H., Bai, J., Li, S., Zhao, Z., Shao, T., Jiang, T., Ren, H., Kang, C., and
Li, X. (2013). Comprehensive analysis of the functional microRNA-mRNA regulatory
network identifies miRNA signatures associated with glioma malignant progression.
Nucleic Acids Res. 41, e203.

5. Lu, S., Niu, N., Guo, H., Tang, J., Guo,W., Liu, Z., Shi, L., Sun, T., Zhou, F., Li, H., et al.
(2013). ARK5 promotes glioma cell invasion, and its elevated expression is correlated
with poor clinical outcome. Eur. J. Cancer 49, 752–763.

6. Sanson, M., Marie, Y., Paris, S., Idbaih, A., Laffaire, J., Ducray, F., El Hallani, S.,
Boisselier, B., Mokhtari, K., Hoang-Xuan, K., and Delattre, J.Y. (2009). Isocitrate
dehydrogenase 1 codon 132 mutation is an important prognostic biomarker in
gliomas. J. Clin. Oncol. 27, 4150–4154.

7. Nobusawa, S., Watanabe, T., Kleihues, P., and Ohgaki, H. (2009). IDH1 mutations as
molecular signature and predictive factor of secondary glioblastomas. Clin. Cancer
Res. 15, 6002–6007.

8. Li, Y., Zhang, J., Huo, C., Ding, N., Li, J., Xiao, J., Lin, X., Cai, B., Zhang, Y., and Xu, J.
(2017). Dynamic organization of lncRNA and circular RNA regulators collectively
controlled cardiac differentiation in humans. EBioMedicine 24, 137–146.

9. Yeh, J.E., Toniolo, P.A., and Frank, D.A. (2013). Targeting transcription factors:
promising new strategies for cancer therapy. Curr. Opin. Oncol. 25, 652–658.

10. Wei, B., Wang, L., Du, C., Hu, G., Wang, L., Jin, Y., and Kong, D. (2015).
Identification of differentially expressed genes regulated by transcription factors in
glioblastomas by bioinformatics analysis. Mol. Med. Rep. 11, 2548–2554.

11. Li, Y., Shao, T., Jiang, C., Bai, J., Wang, Z., Zhang, J., Zhang, L., Zhao, Z., Xu, J., and Li,
X. (2015). Construction and analysis of dynamic transcription factor regulatory net-
works in the progression of glioma. Sci. Rep. 5, 15953.

12. Reon, B.J., Anaya, J., Zhang, Y., Mandell, J., Purow, B., Abounader, R., and Dutta, A.
(2016). Expression of lncRNAs in low-grade gliomas and glioblastoma multiforme:
an in silico analysis. PLoS Med. 13, e1002192.

13. Bartel, D.P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 116, 281–297.

14. Gregory, R.I., and Shiekhattar, R. (2005). MicroRNA biogenesis and cancer. Cancer
Res. 65, 3509–3512.

15. Ciafrè, S.A., Galardi, S., Mangiola, A., Ferracin, M., Liu, C.G., Sabatino, G., Negrini,
M., Maira, G., Croce, C.M., and Farace, M.G. (2005). Extensive modulation of a set of
microRNAs in primary glioblastoma. Biochem. Biophys. Res. Commun. 334, 1351–
1358.

16. Chen, G., Cao, Y., Zhang, L., Ma, H., Shen, C., and Zhao, J. (2017). Analysis of long
non-coding RNA expression profiles identifies novel lncRNA biomarkers in the
tumorigenesis and malignant progression of gliomas. Oncotarget 8, 67744–67753.

17. Zhou, M., Guo, M., He, D., Wang, X., Cui, Y., Yang, H., Hao, D., and Sun, J. (2015). A
potential signature of eight long non-coding RNAs predicts survival in patients with
non-small cell lung cancer. J. Transl. Med. 13, 231.

18. Han, Y., Wu, Z., Wu, T., Huang, Y., Cheng, Z., Li, X., Sun, T., Xie, X., Zhou, Y., and
Du, Z. (2016). Tumor-suppressive function of long noncoding RNA MALAT1 in
glioma cells by downregulation of MMP2 and inactivation of ERK/MAPK signaling.
Cell Death Dis. 7, e2123.

19. Liu, C., Sun, Y., She, X., Tu, C., Cheng, X., Wang, L., Yu, Z., Li, P., Liu, Q., Yang, H.,
et al. (2017). CASC2c as an unfavorable prognosis factor interacts with miR-101 to
mediate astrocytoma tumorigenesis. Cell Death Dis. 8, e2639.

20. Chen, Q., Cai, J., Wang, Q., Wang, Y., Liu, M., Yang, J., Zhou, J., Kang, C., Li, M., and
Jiang, C. (2018). Long noncoding RNANEAT1, regulated by the EGFR pathway, con-
tributes to glioblastoma progression through the WNT/b-catenin pathway by scaf-
folding EZH2. Clin. Cancer Res. 24, 684–695.

21. Jiang, C., Li, Y., Zhao, Z., Lu, J., Chen, H., Ding, N., Wang, G., Xu, J., and Li, X. (2016).
Identifying and functionally characterizing tissue-specific and ubiquitously expressed
human lncRNAs. Oncotarget 7, 7120–7133.

22. Ellis, B.C., Molloy, P.L., and Graham, L.D. (2012). CRNDE: a long non-coding RNA
involved in CanceR, Neurobiology, and DEvelopment. Front. Genet. 3, 270.
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 631

https://doi.org/10.1016/j.omtn.2018.10.009
https://doi.org/10.1016/j.omtn.2018.10.009
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref1
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref1
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref2
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref2
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref3
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref3
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref3
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref4
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref4
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref4
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref4
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref5
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref5
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref5
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref6
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref6
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref6
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref6
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref7
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref7
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref7
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref8
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref8
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref8
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref9
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref9
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref10
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref10
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref10
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref11
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref11
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref11
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref12
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref12
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref12
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref13
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref13
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref14
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref14
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref15
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref15
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref15
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref15
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref16
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref16
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref16
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref17
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref17
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref17
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref18
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref18
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref18
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref18
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref19
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref19
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref19
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref20
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref20
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref20
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref20
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref21
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref21
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref21
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref22
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref22
http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
23. Du, Z., Fei, T., Verhaak, R.G., Su, Z., Zhang, Y., Brown, M., Chen, Y., and Liu, X.S.
(2013). Integrative genomic analyses reveal clinically relevant long noncoding
RNAs in human cancer. Nat. Struct. Mol. Biol. 20, 908–913.

24. Han, S., Xia, J., Qin, X., Han, S., and Wu, A. (2013). Phosphorylated SATB1 is asso-
ciated with the progression and prognosis of glioma. Cell Death Dis. 4, e901.

25. Nevo, I., Woolard, K., Cam, M., Li, A., Webster, J.D., Kotliarov, Y., Kim, H.S., Ahn, S.,
Walling, J., Kotliarova, S., et al. (2014). Identification of molecular pathways facili-
tating glioma cell invasion in situ. PLoS ONE 9, e111783.

26. Chiu, H.S., Somvanshi, S., Patel, E., Chen, T.W., Singh, V.P., Zorman, B., Patil, S.L.,
Pan, Y., Chatterjee, S.S., et al.; Cancer Genome Atlas Research Network (2018). Pan-
cancer analysis of lncRNA regulation supports their targeting of cancer genes in each
tumor context. Cell Rep. 23, 297–312.e12.

27. Yang, Y., Chen, L., Gu, J., Zhang, H., Yuan, J., Lian, Q., Lv, G., Wang, S., Wu, Y., Yang,
Y.T., et al. (2017). Recurrently deregulated lncRNAs in hepatocellular carcinoma.
Nat. Commun. 8, 14421.

28. Hanahan, D., and Weinberg, R.A. (2011). Hallmarks of cancer: the next generation.
Cell 144, 646–674.

29. Tu, M., Cai, L., Zheng, W., Su, Z., Chen, Y., and Qi, S. (2017). CD164 regulates pro-
liferation and apoptosis by targeting PTEN in human glioma. Mol. Med. Rep. 15,
1713–1721.

30. Lai, Y.J., Tsai, J.C., Tseng, Y.T., Wu, M.S., Liu, W.S., Lam, H.I., Yu, J.H., Nozell, S.E.,
and Benveniste, E.N. (2017). Small G protein Rac GTPases regulate the maintenance
of glioblastoma stem-like cells in vitro and in vivo. Oncotarget 8, 18031–18049.

31. Mootha, V.K., Lindgren, C.M., Eriksson, K.F., Subramanian, A., Sihag, S., Lehar, J.,
Puigserver, P., Carlsson, E., Ridderstråle, M., Laurila, E., et al. (2003). PGC-1alpha-
responsive genes involved in oxidative phosphorylation are coordinately downregu-
lated in human diabetes. Nat. Genet. 34, 267–273.

32. Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A.,
Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S., andMesirov, J.P. (2005). Gene
set enrichment analysis: a knowledge-based approach for interpreting genome-wide
expression profiles. Proc. Natl. Acad. Sci. USA 102, 15545–15550.

33. Zhou, M., Zhang, Z., Zhao, H., Bao, S., Cheng, L., and Sun, J. (2018). An immune-
related six-lncRNA signature to improve prognosis prediction of glioblastoma multi-
forme. Mol. Neurobiol. 55, 3684–3697.

34. Mace, K.A., Hansen, S.L., Myers, C., Young, D.M., and Boudreau, N. (2005). HOXA3
induces cell migration in endothelial and epithelial cells promoting angiogenesis and
wound repair. J. Cell Sci. 118, 2567–2577.

35. Taketani, T., Taki, T., Shibuya, N., Ito, E., Kitazawa, J., Terui, K., and Hayashi, Y.
(2002). The HOXD11 gene is fused to the NUP98 gene in acute myeloid leukemia
with t(2;11)(q31;p15). Cancer Res. 62, 33–37.

36. Sashida, G., Bae, N., Di Giandomenico, S., Asai, T., Gurvich, N., Bazzoli, E., Liu, Y.,
Huang, G., Zhao, X., Menendez, S., and Nimer, S.D. (2011). The mef/elf4 transcrip-
tion factor fine tunes the DNA damage response. Cancer Res. 71, 4857–4865.

37. Berscheminski, J., Brun, J., Speiseder, T., Wimmer, P., Ip, W.H., Terzic, M., Dobner,
T., and Schreiner, S. (2016). Sp100A is a tumor suppressor that activates p53-depen-
dent transcription and counteracts E1A/E1B-55K-mediated transformation.
Oncogene 35, 3178–3189.

38. Cohen, A.L., Holmen, S.L., and Colman, H. (2013). IDH1 and IDH2 mutations in
gliomas. Curr. Neurol. Neurosci. Rep. 13, 345.

39. Wahlestedt, C. (2013). Targeting long non-coding RNA to therapeutically upregulate
gene expression. Nat. Rev. Drug Discov. 12, 433–446.
632 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
40. Marchese, F.P., Raimondi, I., and Huarte, M. (2017). The multidimensional mecha-
nisms of long noncoding RNA function. Genome Biol. 18, 206.

41. Zhang, X.Q., and Leung, G.K. (2014). Long non-coding RNAs in glioma: functional
roles and clinical perspectives. Neurochem. Int. 77, 78–85.

42. Zhou, K.R., Liu, S., Sun, W.J., Zheng, L.L., Zhou, H., Yang, J.H., and Qu, L.H. (2017).
ChIPBase v2.0: decoding transcriptional regulatory networks of non-coding RNAs
and protein-coding genes from ChIP-seq data. Nucleic Acids Res. 45 (D1), D43–D50.

43. Yevshin, I., Sharipov, R., Valeev, T., Kel, A., and Kolpakov, F. (2017). GTRD: a data-
base of transcription factor binding sites identified by ChIP-seq experiments. Nucleic
Acids Res. 45 (D1), D61–D67.

44. Tong, Y., Ru, B., and Zhang, J. (2018). miRNACancerMAP: an integrative web server
inferring miRNA regulation network for cancer. Bioinformatics 34, 3211–3213.

45. Malzkorn, B., Wolter, M., Liesenberg, F., Grzendowski, M., Stühler, K., Meyer, H.E.,
and Reifenberger, G. (2010). Identification and functional characterization of
microRNAs involved in the malignant progression of gliomas. Brain Pathol. 20,
539–550.

46. Corsten, M.F., Miranda, R., Kasmieh, R., Krichevsky, A.M., Weissleder, R., and Shah,
K. (2007). MicroRNA-21 knockdown disrupts glioma growth in vivo and displays
synergistic cytotoxicity with neural precursor cell delivered S-TRAIL in human
gliomas. Cancer Res. 67, 8994–9000.

47. Cancer Genome Atlas Research Network, Brat, D.J., Verhaak, R.G., Aldape, K.D.,
Yung, W.K., Salama, S.R., Cooper, L.A., Rheinbay, E., Miller, C.R., Vitucci, M.,
Morozova, O., et al. (2015). Comprehensive, integrative genomic analysis of diffuse
lower-grade gliomas. N. Engl. J. Med. 372, 2481–2498.

48. Brennan, C.W., Verhaak, R.G., McKenna, A., Campos, B., Noushmehr, H., Salama,
S.R., Zheng, S., Chakravarty, D., Sanborn, J.Z., Berman, S.H., et al.; TCGA
Research Network (2013). The somatic genomic landscape of glioblastoma. Cell
155, 462–477.

49. Yan, X., Hu, Z., Feng, Y., Hu, X., Yuan, J., Zhao, S.D., Zhang, Y., Yang, L., Shan, W.,
He, Q., et al. (2015). Comprehensive genomic characterization of long non-coding
RNAs across human cancers. Cancer Cell 28, 529–540.

50. Bao, Z.S., Chen, H.M., Yang, M.Y., Zhang, C.B., Yu, K., Ye, W.L., Hu, B.Q., Yan, W.,
Zhang,W., Akers, J., et al. (2014). RNA-seq of 272 gliomas revealed a novel, recurrent
PTPRZ1-MET fusion transcript in secondary glioblastomas. Genome Res. 24, 1765–
1773.

51. Trapnell, C., Pachter, L., and Salzberg, S.L. (2009). TopHat: discovering splice junc-
tions with RNA-Seq. Bioinformatics 25, 1105–1111.

52. Trapnell, C., Williams, B.A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M.J.,
Salzberg, S.L., Wold, B.J., and Pachter, L. (2010). Transcript assembly and quantifica-
tion by RNA-Seq reveals unannotated transcripts and isoform switching during cell
differentiation. Nat. Biotechnol. 28, 511–515.

53. Ellrott, K., Bailey, M.H., Saksena, G., Covington, K.R., Kandoth, C., Stewart, C., Hess,
J., Ma, S., Chiotti, K.E., McLellan, M., et al. (2018). Scalable open science approach for
mutation calling of tumor exomes using multiple genomic pipelines. Cell Syst. 6, 271–
281.e7.

54. Forbes, S.A., Beare, D., Boutselakis, H., Bamford, S., Bindal, N., Tate, J., Cole, C.G.,
Ward, S., Dawson, E., Ponting, L., et al. (2017). COSMIC: somatic cancer genetics
at high-resolution. Nucleic Acids Res. 45 (D1), D777–D783.

55. Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., Jones, S.J.,
and Marra, M.A. (2009). Circos: an information aesthetic for comparative genomics.
Genome Res. 19, 1639–1645.

http://refhub.elsevier.com/S2162-2531(18)30280-4/sref23
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref23
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref23
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref24
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref24
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref25
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref25
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref25
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref26
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref26
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref26
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref26
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref27
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref27
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref27
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref28
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref28
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref29
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref29
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref29
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref30
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref30
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref30
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref31
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref31
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref31
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref31
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref32
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref32
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref32
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref32
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref33
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref33
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref33
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref34
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref34
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref34
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref35
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref35
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref35
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref36
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref36
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref36
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref37
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref37
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref37
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref37
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref38
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref38
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref39
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref39
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref40
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref40
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref41
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref41
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref42
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref42
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref42
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref43
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref43
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref43
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref44
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref44
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref45
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref45
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref45
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref45
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref46
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref46
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref46
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref46
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref47
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref47
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref47
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref47
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref48
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref48
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref48
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref48
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref49
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref49
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref49
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref50
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref50
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref50
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref50
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref51
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref51
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref52
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref52
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref52
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref52
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref53
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref53
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref53
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref53
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref54
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref54
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref54
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref55
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref55
http://refhub.elsevier.com/S2162-2531(18)30280-4/sref55

	Characterization of Transcriptome Transition Associates Long Noncoding RNAs with Glioma Progression
	Introduction
	Results
	Overview of Identifying Glioma Progression-Related lncRNAs
	Dynamic Transcriptome Transition during Glioma Progression
	Glioma Progression-Related lncRNAs Are Regulated by Specific TFs
	Oncogenic lncRNAs Are Involved in Cancer Hallmarks
	Validation of the Functions of Glioma-Related lncRNAs
	Survival-Related lncRNA Network Module in Glioma
	Prognostic Effect of lncRNA Network Module Is Independent from IDH1 Mutation
	Web-Based, User-Friendly Platform for Investigating lncRNA Expression during Glioma Progression

	Discussion
	Materials and Methods
	Transcriptome during Glioma Progression
	Identification of Glioma Progression-Associated lncRNAs and Genes
	Transcription Regulation Analysis of the lncRNAs and Genes
	Genomic Alterations of lncRNAs/Genes in Glioma
	Functional Analysis of Glioma Progression-Related lncRNAs
	Cell Lines and Transfection
	RNA Extraction and qRT-PCR Analysis
	Proliferation Assay and In Vitro Migration Assays
	Apoptosis Assays
	Identification of Survival-Related lncRNAs and Genes
	Statistics and Visualization of Networks
	Implication of Web-Based Glioma-Related lncRNA Platform

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


